It is well-known that viral thymidine kinase (TK) expression is important for the maximum demonstration of virulence of herpes simplex virus (HSV). In this study, we have investigated interactions of a TK-mutant of virulent HSV type 2 (HSV-2) (syn+) and a nonneuroinvasive HSV-1 (syn) in mice. When the mice were inoculated with each virus alone in their rear footpads, no mice were killed even after infection with high doses of viruses (>106 PFU per mouse), whereas 100% of the mice died when inoculated with 105 PFU of a 1:1 mixture of HSV-2 TK-mutant and nonneuroinvasive HSV-1. The 1:1 mixture exhibited even more virulence than the parental HSV-2; the mean survival time of coinfected mice was significantly shorter than that of mice inoculated with 105 PFU of the virulent HSV-2. We have also examined the genotypes and phenotypes of viruses isolated from the central nervous system of coinfected mice. Of 50 isolates, 7 were judged to be recombinants from their restriction endonuclease cleavage patterns, but all were nonneuroinvasive. In addition, all syn+ viruses (23 clones) tested were found to have TK-phenotypes, indicating that the majority of viruses present in the central nervous system were TK-viruses, since about 90% of viruses detected in spinal cords and brains exhibited syn+ phenotypes. These results strongly suggest that the lethal invasion of the central nervous system by HSV-2 TK-and nonneuroinvasive HSV-1 was the consequence of in vivo complementation between the two viruses.
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Herpes simplex virus (HSV) is a neurotropic agent of considerable clinical importance in humans. After infection at the surface of the body, the virus enters the sensory nerves and reaches the sensory ganglia, where it establishes a latent infection. HSV can further invade the central nervous system and produce neurological diseases ranging in severity from mild self-limited meningitis to fatal encephalitis. Many investigators, using animal models, have studied the neuropathogenesis of HSV infection (1, 3, 4, 7, 9, 14, 19) , and it has been shown that there are many factors which influence the outcome of HSV infection. One important factor is the virulence characteristics of infecting viruses (4, 14) . Some strains can cause fatal encephalitis at low doses of infection, while other strains cannot induce any detectable sign of neurological diseases after infection with as much as 108 PFU. Recently, Javier et al. (6) reported that two avirulent HSV type 1 (HSV-1) strains can interact in vivo to produce lethal infection and suggested that both complementation between two avirulent viruses and generation (and selection) of neuroinvasive recombinants contribute to the virulence of a virus mixture (6, 15) . Although their mixed infection system was an unique one, they could not assess the relative importance of these two phenomena, complementation and generation of recombinants, on the pathogenesis of the mixed infection. It is unclear whether the generation of neuroinvasive recombinants is essential for lethal invasion to the central nervous system in mixed infections with nonneuroinvasive HSV strains. In the present study, we examined interactions of two avirulent viruses, a TKmutant from a virulent HSV-2 and a nonneuroinvasive HSV-1, in mice.
The plaque-purified clones of HSV-1 strain HF and HSV-2 strain 186 were used as wild-type viruses in this study. These nosyl thymine (Ara-T; 50 jig/ml)-resistant virus in our laboratory. The virus stock was prepared in Vero cells by infection at low multiplicities, as described previously (12) . Table 1 shows the properties of HSVs used in this study. To quantitate the virulence of the viruses, 4-week-old male >1,000,000 >100,000
(TK-) a The median inhibitory concentration (IC50) was measured by plaque reduction assay on monolayers of Vero cells as described previously (12 ICR mice were inoculated with various dilutions of virus suspension in the right rear footpad or in the right cerebral hemisphere. The mice were monitored for 30 days, and mortality was determined. For each strain, the ratio of PFU/50% lethal dose (LD50) was then calculated. HSV-1 HF was highly attenuated by the peripheral route; this virus did not cause any neurological signs in mice, even when very high doses (>106) were injected into rear footpads. However, the virus was highly pathogenic for mice when inoculated into cerebral hemispheres. The LD50 after intracerebral infection was about 8. In contrast, HSV-2 186 was highly pathogenic for both peripheral and intracerebral infections. This HSV-2 virus was at least 10,000 times more virulent than HSV-1 HF following peripheral infection, while the . Four-week-old male ICR mice were inoculated with 105 PFU/0.05 ml in their rear footpads. At the indicated times, three mice of each group were sacrificed and tissues were collected and stored at -70°C until virus titer assay. The tissues were made into 10% (wt/vol) homogenates. After the homogenates were centrifuged for 20 min at 1,500 x g, the supernatants were assayed for virus infectivity in Vero cells as described previously (11) . For samples from mice infected with the 1:1 mixture of HSV-1 HF and HSV-2 186(TK-), the plaques of syn+ (0) and syn (A) viruses were counted separately. Broken lines indicate levels of sensitivity. aViruses were isolated and plaque purified from the homogenates of the spinal cords and brains of three mice infected with a 1:1 mixture of HSV-1 HF and HSV-2 186(TK-). Thirty-seven clones were isolated from the brains.
b Viruses were titrated in Vero cells in the absence or presence of 25 ,ug of Ara-T per ml, and a plating efficiency of more than 0.5 was considered to indicate a TK-phenotype.
c Virus DNA was isolated from infected Vero cells by the method of Hirt (5, 13), digested with BamHI or KpnI, and subjected to electrophoresis. The electrophoretic patterns of each clone were compared with those of HSV-1 HF and HSV-2 186. Six of seven recombinants showed different cleavage patterns of the DNA.
neurovirulence of the former virus following intracerebral inoculation was about 10 times as high as that of the latter virus. On the other hand, a TK-mutant of HSV-2 was far less pathogenic for mice by either route of infection than the parental TK+ virus was; no mice died, even after intracerebral inoculation of the HSV-2 TK-mutant at a dose of 105 PFU.
We then examined the interaction in vivo between two avirulent virus strains, HSV-1 HF and HSV-2 186(TK-), after footpad infection. Mice were inoculated with various doses of mixtures of two viruses and monitored for 30 days ( Table 2 ). As described above, no mice died when they received either HSV-1 HF or HSV-2 186(TK-) alone. In contrast, when they were inoculated with 105 PFU of a 1:1 mixture of the two viruses, all mice died, and the mean survival time of these mice was significantly shorter than that of mice inoculated with 105 PFU of HSV-2 186. The 1:1 virus mixture could kill 25% of mice, even at a dose of 103 PFU. However, the virulence of the virus mixture decreased strikingly when HSV-2 186(TK-) and HSV-1 HF were mixed in a 1:100 ratio (data not shown). We therefore examined the replication kinetics of the virus following footpad inoculation of mice with 105 PFU of a 1:1 mixture. Since HSV-1 HF is of the syn phenotype, while HSV-2 186(TK-) is syn+, the two viruses may be distinguishable by their plaque morphology. Figure 1 shows the virus titers in the rear feet, sciatic nerves, lumbosacral spinal ganglia, spinal cords, and brains of mice inoculated with HSV-2 186, HSV-2 186(TK-), HSV-1 HF, or the 1:1 mixture of HSV-1 HF or HSV-2 186(TK-) at a dose of 105 PFU. When the mice were infected with HSV-1 HF or HSV-2 186(TK-) at this dose, no infectious viruses were recovered from any sites except the feet; in mice that were inoculated with the mixtures of both viruses, viruses were readily detected in the sciatic nerves, ganglia, and spinal cords by day 3 and in the brains by day 5 . We found that the replication kinetics of syn and syn+ viruses in the feet of dually infected mice was similar to that of HSV-2 186, rather than that of HSV-1 or HSV-2 186(TK-), in mice inoculated with each virus alone. At early stages of infection, the titer of syn viruses was significantly higher in all tissues than that of syn+ viruses. At 5 and 6 days after infection, however, the ratio of syn/syn+ in ganglia, spinal cords, and brains was reversed. In the spinal cord and brain, the amount of syn+ viruses was always 8-to 10-fold more than that of syn viruses. In ganglia, there was not a significant difference in titers until the titers began to decrease.
To determine the properties of viruses which invaded the central nervous system, we isolated a number of clones from the homogenates of spinal cords and brains, and all isolates were examined for their sensitivity to Ara-T and their genomic structures with restriction enzymes BamHI and KpnI (Table 3 ). As for the clones which were judged to be recombinants from the cleavage patterns (Fig. 2) , we further investigated their neuroinvasiveness by infecting mice in their rear footpads (Table 4 HSV-1 HF must be generated, since this is the easiest way to obtain neuroinvasiveness by recombination. However, such a virus could not be detected in the 50 clones isolated from the central nervous system of three mice infected with the 1:1 mixture. These observations strongly suggest that the generation and selection of neuroinvasive recombinants are not essential for lethal invasion into the central nervous system by the two nonneuroinvasive HSVs. As reported previously (16) (17) (18) , the deficiency of viral TK strikingly reduced the neurovirulence of HSV; a TK-mutant of highly virulent HSV-2 could not kill mice even after intracranial inoculation at a dose of 105 PFU, while the parent virus killed 50% of mice at a dose of 0.7 PFU. The mutant also lost the ability to grow in the dorsal ganglia and could not induce any detectable neurological sign after footpad infection. However, the inability of HSV-2 186 (TK-) to induce neurological diseases was efficiently complemented by simultaneous infection onto footpad with a nonneuroinvasive HSV-1 strain. The virus mixture exhibited even higher virulence than virulent HSV-2 186, when inoculation with 105 PFU of a 1:1 mixture was done. Although the pathogenesis of HSV in mice may be different from that in humans, our mixed infection model may be of clinical significance if we consider that TK-deficient variants of HSV are frequently isolated from patients who have received prolonged treatment with acyclovir (2, 10). We may also have to consider pathogenesis by in vivo complementation between avirulent viruses in clinical cases.
